Abstract This study modified the BTOPMC (Block-wise TOPMODEL with the Muskingum-Cunge routing method) distributed hydrological model to make it applicable to semi-arid regions by introducing an adjustment coefficient for infiltration capacity of the soil surface, and then applied it to two catchments above the dams in the Karun River basin, located in semi-arid mountain ranges in Iran. The application results indicated that the introduced modification improved the model performance for simulating flood peaks generated by infiltration excess overland runoff at a daily time scale. The modified BTOPMC was found to fulfil the need to reproduce important signatures of basin hydrology for water resource development, such as annual runoff, seasonal runoff, low flows and flood flows. However, it was also very clear that effective model use was significantly constrained by the scarcity of ground-gauged precipitation data. Considerable efforts to improve the precipitation data acquisition should precede water resource development planning.
INTRODUCTION
In arid and semi-arid regions, which occupy about 30% of the Earth's land area (UNEP 1992, Middleton and Thomas 1997) , water is a precious commodity and the management of water resources is a major challenge for global sustainability, especially considering the increasing population and climate change (Bates et al. 2008 , Wheater 2008 . The Islamic Republic of Iran is not an exception. Due to rapid population growth, water availability per capita has steadily decreased (Ardakanian 2005) . Moreover, water stress may become more severe under future climate scenarios (Abbaspour et al. 2009 ). Construction of new reservoir storage is one potential adaptation measure to counter water shortages. Storage of current and future dams in Iran provides water for power generation, irrigation, industrial and domestic uses. Iran currently operates 414 large dams, with a total storage capacity of 42.9 billion m 3 , an additional 49 dams are currently under construction and future planning includes further development of over 50 new dams (IJHD 2012) . It is intended that this new reservoir storage will offset water shortages during the dry summer season.
Appropriate decision-making processes for water resource development require quantitative prediction of water availability and impact assessment of different management strategies on both the water supply and demand sides. Hydrological models play an important role in providing critical information in many river basins across the globe, especially in data-scarce river basins (Blöschl et al. 2013) . Despite the broad application of hydrological models in arid and semi-arid regions (e.g. Güntner and Bronstert 2004 , Vivoni et al. 2009 ), many challenges remain related to the simulation of the complex hydrological processes of arid and semi-arid systems. For instance, it is extremely difficult to evaluate dominant runoff processes of intense, short precipitation events with limited spatial distribution, particularly when high-quality local data are unavailable (Pilgrim et al. 1988 , Beven 2002 , Wheater 2008 . Hughes (2008) reviews hydrological model application to southern African semi-arid basins and summarizes that the main limitations to model application relate to the lack of observed precipitation data with spatial and temporal detail, as well as the lack of adequate quantitative understanding of channel transmission losses. There is thus an urgent need for development and application of hydrological models capable of accurate simulation of runoff processes in arid and semi-arid basins that are robust to data-poor situations.
The Karun River basin, located in the southwestern semi-arid mountainous area of Iran, has huge water resources potential due to the relatively abundant precipitation in the Zagros Mountain ranges and topography suitable for storage of water by dam construction. Many water resource development projects are planned, including dam construction, irrigation networks and water transfer systems. Several hydrological models have been developed for the Karun River basin. For instance, Heidari (2013) introduced an early flood forecasting system in the basin, which is linked to the Hydrologic Engineering Center series hydrological and hydraulic software developed by the US Army Corps of Engineers. Additionally, a soil moisture accounting model, which is similar to the Nedbør-Afrstrømnings Model (NAM) model in MIKE11 developed by the Danish Hydraulic Institute (DHI), has been applied for the continuous simulation of the basin hydrology (Ali Heidari, personal communication, 2 April 2013) . These models applied in the Karun River basin are lumped models and have contributed to the river basin management. However, distributed hydrological models may provide more comprehensive information about water availability for decision making concerning water resource development planning in the basin. Distributed models allow for assessment of water availability at any location at various spatial and temporal scales (e.g. Ajami et al. 2004 , Pechlivanidis et al. 2011 . This characteristic has advantages for their use in the assessment of the upstream to downstream impact of existing and planned water resource development projects (e.g. Lauri et al. 2012 , Masih et al. 2012 , Mccartney and Girma 2012 . Additionally, distributed models allow for more rigorous specification of spatially variable intense precipitation events and heterogeneous soil properties (e.g. Smith et al. 2004, Kampf and Burges 2007) . Furthermore, distributed models can take into account impacts of land-use change (e.g. Thanapakpawin et al. 2007 , Zhang et al. 2013 , as well as possible impacts of climate change (e.g. Gosling et al. 2011 , Harding et al. 2012 , Lauri et al. 2012 , Chien et al. 2013 , Hidalgo et al. 2013 . Therefore, development and application of a distributed hydrological model would further support decision making related to water resource development planning in the Karun River basin.
We have considered the following five criteria, indispensable in the selection of a distributed model appropriate for the Karun River basin. The first is that a model should be based on physical processes. This is essential because land surface processes, such as overland flow, evapotranspiration and infiltration, are complicated and important in semi-arid regions. The second criterion is that the model must be capable of long-term simulation. As water resource development planning requires the consideration of long-term projections of water availability, event-based hydrological models are not suitable for the purpose. Third, the model needs to be able to simulate snowpack and snowmelt processes. This is because water resources in the semi-arid mountainous regions of Iran are highly dependent on contributions of snowmelt. The fourth criterion is that the chosen model must be capable of using globally available data efficiently when local observation data are sparse or unavailable. As distributed physical catchment data, such as soil type, land cover type and meteorological data, are often poorly gauged in the basin, hydrological models incorporating remotely sensed data are very useful. The final criterion is that the model should be parsimonious and have minimal parameters to be calibrated, which are preferably robust to new observation data when they are added. In data-poor basins, the calibration of model parameters is challenging, thus the parsimonious and robust parameter criterion is vital. These latter two criteria are particularly important, not only for arid and semi-arid regions, but for any practical hydrological model to be used anywhere in the world.
According to the criteria above, we selected the Block-wise TOPMODEL with the Muskingum-Cunge routing method [i.e. the "MC" part stands for "Muskingum-Cunge routing method"] (BTOPMC; Takeuchi et al. 1999 Takeuchi et al. , 2008 ) that satisfies, as explained below, the criteria described above and is well suited for modelling the case study in the Karun River basin. An application study of BTOPMC in semi-arid regions was previously conducted by Zhou et al. (2005) . They applied BTOPMC to the Yellow River with snowpack accumulation and snowmelt modules by modifying the land surface processes to incorporate the temperature effects of snowpack and snowmelt. Although their attempts were quite successful, showing the applicability of BTOPMC to semi-arid snow-affected regions, the results need to be improved to better reproduce flood peaks and low flows. It is evident that there is still room for improvement, especially in the modelling of land surface processes in semi-arid regions, which is one of the objectives of this study.
It is true that other distributed hydrological models could also be selected. Widely used models include the Soil and Water Assessment Tool (SWAT) developed by the Agricultural Research Service of the United States Department of Agriculture (Gassman et al. 2007 ) and the Variable Infiltration Capacity (VIC) model, which was originally developed by Xu Liang at the University of Washington (Liang et al. 1994) . Many application studies of these models in semi-arid regions have been conducted. For example, a recent modelling study in Iran (Masih et al. 2012) applied SWAT to the Karkheh River. The results indicated that conversion of rain-fed areas to irrigated fields may cause severe reduction in monthly discharge. Yong et al. (2013) applied the VIC model in the Laohahe basin, a typical semi-arid zone of northeast China, and investigated historical spatio-temporal changes of water resources.
However, for the present study BTOPMC was selected as most suitable for the following practical reasons. It satisfies well the criteria described above and, as it was developed by one of the authors, the authors' laboratory has a large stock of experiences of successful application of BTOPMC to various parts of the world (Takeuchi et al. 1999 , Ao et al. 2003 , Shrestha et al. 2007 , Hapuarachchi et al. 2008 , Silva et al. 2010 , Manandhar et al. 2012 .
The objectives of this study are: (1) to demonstrate the applicability of BTOPMC, with appropriate modifications where necessary, to the semi-arid mountainous Karun River basin, Iran; (2) to highlight the challenges that hydrologists and river basin managers face in hydrological modelling; and (3) to outline priorities for enhancing water resource development in semi-arid mountainous regions. The Karun River has one of the largest river basins in Iran and is located in the semi-arid southwest of the country (Fig. 1) Figure 2 shows monthly precipitation and reservoir inflow at two dam sites, the Karun1 Dam and the Dez Dam, located in the Zagros Mountains. Most precipitation occurs from November to April, in particular from December to January. Winter precipitation accumulates as snowpack in the high mountains and snowmelt water contributes to increase river discharge in the spring. Summer is dry with almost no precipitation from June to September. Discharge decreases during summer, but perennial flow is observed.
The average annual discharge of the Karun River is 20.4 × 10 9 m 3 , which accounts for about one-fifth of the surface water resources of Iran (Sadegh et al. 2010) . Meanwhile, the total annual water demand in the basin is around 24.9 × 10 9 m
Karun River basin has serious water issues in meeting its own water demands (Sadegh et al. 2010) . In the Khuzestan province, which is located in the middle and downstream part of the basin and demands most of the water use in the basin, about 85% of the freshwater needs is met by the rivers and only 15% is taken from groundwater (Afkhami et al. 2007 ).
Qanats, a traditional system employed in Iran for abstracting groundwater, are underdeveloped in the basin relative to the central region of Iran and are found only around residential areas. Wells have been installed in the past 40 years and are mainly utilized for irrigation and industrial purposes. However, groundwater alkalinity and salinity is high compared to surface water (JICA 2002) . Therefore, water use in the basin depends heavily on surface water from the Karun River and its tributaries.
Water resource development plans in the Karun River basin
To reduce water stress in southwestern Iran, water projects have been implemented in the Karun River basin, including dam construction, irrigation networks and water transfer systems. However, water resource development in the basin has not been fully implemented as yet, with only a few dams, hydropower plants and irrigation networks constructed so far. (Heidari 2013) . In addition, the existing dams and those under construction are expected to supply irrigation water for the plains downstream whose total cultivation area is 0.8 × 10 6 ha (including existing and planned networks). Water transfer plans are proposed to supply agricultural water for adjacent plains outside the basin, and optimal operation of the water transfer system is currently being studied (e.g. Sadegh et al. 2010 , Nikoo et al. 2012 .
METHODOLOGY AND DATA

BTOPMC description
The BTOPMC is a coupled model for runoff generation and flow routing. The block-wise TOPMODEL concept is used for runoff generation from each grid cell, and the Muskingum-Cunge routing method is used for flow routing. The BTOPMC is used as the core hydrological module of the University of Yamanashi distributed hydrological model, which is composed of several modules of hydrological components: the core hydrological module, potential evapotranspiration (PET) module, snow and soil freezing module, etc. The structure and parameters of BTOPMC are designed in such a way as to lead to its superiority over both lumped and distributed models. A schematic of runoff generation in a grid cell in the model is shown in Fig. 3 . The model generates infiltration excess overland runoff, saturation excess runoff and base runoff from each grid cell (q ofh , q of and q b , respectively, in Fig. 3 ). The generated runoff drains into a stream segment in each grid cell and is then routed to the basin outlet. The flow routing in the model is by the Muskingum-Cunge routing method (Masutani and Magome 2009 ).
In the Karun River basin, snowpack accumulation and snowmelt simulation is required to reproduce seasonal discharges accurately. Nourani and Mano (2007) applied TOPMODEL with kinematic wave routing to the Karun River sub-basins, but did not consider snowpack and snowmelt processes in the model. In this study, snowpack and snowmelt were represented by the simple degree-day method in BTOPMC (Georgievsky et al. 2006 ). In addition, we modelled soil freeze and thawing processes according to Zhou et al. (2005) . The Shuttleworth-Wallace (SW) model was incorporated to estimate long-term seasonal PET within BTOPMC. The SW model can estimate evaporation from land and transpiration from plants separately using parameter values from the literature and publicly available datasets (Zhou et al. 2006 ). For detailed descriptions of BTOPMC, readers should refer to the literature by Takeuchi et al. (1999 Takeuchi et al. ( , 2008 Takeuchi et al. ( , 2013 .
Modification of infiltration capacity in BTOPMC
Rapid runoff dominated by infiltration excess overland runoff often occurs in arid and semi-arid regions, particularly when precipitation is delivered in intense bursts. Soil infiltration capacity is a key parameter for physical-process models generating Fig. 3 Schematic image of runoff generation in a grid cell in BTOPMC (vertical profile). P: gross precipitation; P rain : rainfall; P snow : snowfall; SWE: snow water equivalent; R w : meltwater from snowpack; ET 0 : interception evaporation; I max : interception storage capacity; I: interception state; P a : net precipitation on the land surface; ET: actual evapotranspiration; Inf max : infiltration capacity of soil surface; S r max : storage capacity of the root zone; S rz : soil moisture state in the root zone; SD: saturation deficit in the unsaturated zone; S uz : soil moisture state in the unsaturated zone; q ofh : infiltration excess overland runoff; q of : saturation excess runoff; q rz : storage excess in the root zone that drains into the unsaturated zone under gravity; q v : recharge to the saturation zone; q b : base runoff; θ wilt , θ fc and θ s : soil water content at wilting point, field capacity and saturation, respectively. overland runoff. Different approaches to modelling infiltration capacity were developed by, for example, Horton (1941) , Philip (1957) and Green and Ampt (1911) . These require detailed precipitation data, at a minute temporal scale, to model temporally variable infiltration capacity. However, such detailed data are often not available in semi-arid regions. Therefore, this study modelled infiltration excess overland runoff in a simplified way using a daily simulation with temporally constant infiltration capacities for the soil in the target area. The original BTOPMC (non-modified version of BTOPMC), which was developed and applied in the Mekong River basin by Takeuchi et al. (2008) , assumes that the infiltration capacity at the model grid i in m d , D i . This is considered a function of the texture of the land surface layer and may be considered as a parameter that expresses the potential of groundwater to discharge to the surface of the grid cell (Takeuchi et al. 2008) . Dischargeability was calculated by multiplying the percentage content of sand, silt and clay and the coefficients of dischargeability, D 0_sand , D 0_silt and D 0_clay , respectively. The content percentages were obtained from the remotely sensed datasets listed in Table 2 . The coefficients of dischargeability must be calibrated in the basin. However, this assumption mainly applies to humid regions where infiltration capacity is usually high compared with precipitation intensity, and infiltration excess overland runoff seldom occurs (Takeuchi et al. 2008) . Therefore, in this study, the infiltration capacity in each model grid was adjusted by multiplying the adjustment coefficient for arid and semi-arid regions as follows:
where Inf arid,i is the infiltration capacity (m/d) in arid and semi-arid regions, and A is the adjustment coefficient for arid and semi-arid regions. The value of the adjustment coefficient reflects two factors in the target basin: (a) the characteristics of intense precipitation that generate infiltration excess overland runoff and (b) the effect of soil surface crusts, which significantly decrease the infiltration capacity of bare soil (Morin and Benyamini 1977) . The coefficient represents these phenomena in arid and semi-arid regions for hydrological simulations at a daily time scale. The range of the coefficient is 0 to 1, and it should be calibrated according to the procedure described in Section 3.3.
Model verification
We applied both non-modified and [2003] [2004] . Manual calibration through trial and error, considering the underlying physical processes of runoff generation was applied to obtain an adequate parameter set. The simulation was conducted on a daily time step because of the use of daily precipitation data and also due to computational limitations related to long-term simulation. During calibration and validation, the initial state variables were chosen arbitrarily initially, and then updated at the final time step.
The overall model performances of both nonmodified and modified versions of BTOPMC for the calibration and validation periods were evaluated using the Nash-Sutcliffe efficiency (NSE; Nash and Sutcliffe 1970) coefficient and volume bias (VB), as follows:
where Q obs,t is the observed discharge at time step t, Q sim,t is the simulated discharge at time step t, Q obs is the average observed discharge and n is the number of time steps. Periods with missing observed discharge were excluded from the evaluation. Model performance regarding snow water equivalent (SWE) estimation was further evaluated in comparison with observed SWE data at 31 stations. The locations of the snow stations are shown in Fig. 1 . SWE was not frequently observed, and mostly observations were made once a year.
Data used
The data used are topography, land use, soil, vegetation and hydro-meteorological data in the Karun River basin, as summarized in Table 2 . As local data are not available, global datasets are used. We used the Asian Precipitation Highly Resolved Observational Data Integration Towards Evaluation (APHRODITE) gridded precipitation dataset based on a dense network of daily raingauge data throughout Asia, including the Middle East (Yatagai et al. 2008 (Yatagai et al. , 2012 . Climate forcing data from the Climatic Research Unit time series (CRU-TS) and average climatology (CRU-CL) and the normalized difference vegetation index (NDVI) data from the Global Inventory Modelling and Mapping Studies (GIMMS) were used for the PET estimation by the SW model. Data were reformatted to the common spatial resolution of the model (5 km × 5 km) before the simulation. Table 4 lists the parameters in the modified version of BTOPMC and calibrated values. The modified model, which applied the adjustment coefficient to the infiltration capacities of the soil surface in each model grid cell, shows better performance than the non-modified model in all cases, except the validation cases at Dez in which both models show poor performance with NSE < 0.05. The modification improves NSE, for example, from 0.57 to 0.73 at Karun1 during the calibration period; 0.73 is the best NSE among all cases. Figure 5 shows the simulation by the modified model at Karun1 during the calibration period: Fig. 5 (i) compares discharge simulated by the non-modified and modified models, and the inset in Fig. 5(i) enlarges the results for December 2001. The non-modified model did not generate flood peaks, whereas the modified model did, for example on 6, 13 and 21 December 2001. These peaks were generated by the infiltration excess overland runoff (Fig. 5(c) ) when intense rainfall events occurred (Fig. 5(h) ). Despite the simplicity of the adjustment for infiltration capacity, the model modification in this study improved the performance a great deal for the flood peak generation. In addition to the successful flood peak generation by the modified model, the model simulated well seasonal discharge with snowpack and snowmelt processes, as shown in Fig. 5(i) . Snowfall (Fig. 5(g) ) accumulated in the upstream area as SWE in December and January (Fig. 5(f) ) and snowmelt water contributed to baseflow in February and March (Fig. 5(c)) . Furthermore, the model with the snow module also simulated the recession of low flows in the dry summer (Fig. 5(i) ).
RESULTS OF MODEL APPLICATION
However, the calibrated modified model showed poor performance for the validation period at Karun1: NSE is 0.48. Figure 6 shows the discharge simulated by the modified model compared to observations at Karun1 during the validation period, and at Dez during the calibration and validation periods. As shown in Fig. 6(a) , the model underestimates the discharge from January to March in 2003. Figure 7 compares the observed and simulated SWE. The model also underestimates SWE in 2003 and 2004; many data points indicate zero for the simulated SWE in Fig. 7(a) . Furthermore, the model performance for Dez is even poorer than for Karun1: NSE for the calibration and validation periods are 0.27 and 0.04, respectively. Although parameter calibration was conducted within the range of each parameter shown in Table 4 , the model mostly underestimates discharge through the years, including flood peaks during the calibration and validation periods at Dez as shown in Fig. 6(b) and (c), respectively. This underestimation, particularly at the Dez Dam site, is associated with huge negative values of VB, which indicate overall systematic errors in the total simulated discharge volume. The drying function parameter, α, is a key parameter for estimating actual evapotranspiration and affects the total water balance. However, the model was not able to reproduce discharge, even with the minimum value of the range of α, which decreases actual evapotranspiration and thus increases discharge. Further careful investigation of these parameters in relation to the landscape and its geological composition (e.g. Zhou et al. 2005 Zhou et al. , 2006 is necessary to advance model use in semi-arid mountainous regions, but such effort is considered beyond the scope of this study and is left as a priority agenda for the future.
DISCUSSION
The case study results from the Karun River basin described in the previous section clearly indicate the applicability of BTOPMC, with necessary modification, for semi-arid mountainous regions. However, serious problems that prevent successful model application, such as the model underestimation, particularly for the Dez Dam site, were also highlighted. In this section, the results are examined according to the most important characteristics of hydrological signatures for water resource development in semi-arid mountainous regions. We also discuss how these results affect water resource development in semiarid mountainous regions and what should be improved.
Important characteristics of hydrological signatures for water resource development in semi-arid mountainous regions
Distributed hydrological models are expected to support decision making on integrated water resource development by providing information regarding water availability at any location in a basin at various spatial and temporal scales. For this purpose, hydrological models must be able to provide reliable The coefficients in each grid were assumed based on local slope of stream segment in each grid.
0.01-0.8 0.01 Takeuchi et al. (2008) information about the basin hydrology, such as annual runoff, seasonal runoff, duration curves, low flows, flood flows and hydrographs, which are collectively known as the "signatures" of the basin "organism" (Blöschl et al. 2013 ).
Annual runoff is a statistics describing water availability on an annual time step and represents the annual balance between precipitation and evapotranspiration. Seasonal runoff reflects seasonal changes of water storage characteristics of the ) soil moisture state in the unsaturated zone, S uz ; (c) infiltration excess overland runoff and base runoff, q ofh and q b ; (d) saturation deficit in the unsaturated zone, SD; (e) potential and actual evapotranspiration, PET and ET; (f) snow water equivalent, SWE; (g) snowfall, P snow ; (h) rainfall, P rain ; and (i) simulated and observed discharge, Q sim and Q obs . For the verification of the modified infiltration capacity in BTOPMC, done by introducing an adjustment coefficient to the infiltration capacities of the soil surface in each model grid cell (described in Section 3.2), simulated discharge by the original BTOPMC without modification, Q sim_original , is also shown in (i). The small graph in (i) shows the enlarged result for December 2001. All variables, except discharge, are spatially averaged in the catchment area of the dam.
basin. The flow duration curve represents the frequency characteristics of flow level from the peak to the bottom. The low-flow characteristics represent the minimum available flow that reflects the precipitation pattern, evapotranspiration and geology, and controls water use and environmental flows. The flood-flow characteristics represent the nature of the maximum flow, including its peak, recession and occurrence frequency, which reflects the surface runoff and the concentration and frequency of heavy precipitation. Finally, hydrographs represent all the characteristics mentioned above.
For water resource development in semi-arid mountainous regions, the most important hydrological signatures are considered to be annual runoff, seasonal runoff, low flows and flood flows. Annual runoff is the basis of water resource planning and indispensable information for dam storage design and operation. Similarly, seasonal runoff is important for agricultural use and dam storage operation and especially for small dams that lack carryover storage. Low-flow and flood-flow characteristics are decisive in drought and flood management.
Annual runoff
The case study for the Dez Dam site indicates that BTOPMC underestimates discharge. In order to investigate causes of the underestimation, we computed the annual water balance. The annual water balance equation in a river basin can be written as:
where S is the annual total water storage of the basin (mm), P is the annual precipitation (mm year -1 ), ET is the annual actual evapotranspiration (mm year -1 ) and R is the annual total runoff (mm year -1 ). Annual total water storage change, dS/dt, may vary between dry and wet years. However, observed data for estimating water storage components in the case study area, such as land surface storage, soil moisture and groundwater, are not available. Thus, this study assumes steady conditions and so equation (4) becomes:
Figure 8 compares annual precipitation and observed annual discharge at the Karun1 and Dez dam sites. Annual variables were calculated from November to October, a period that corresponds to the beginning of the wet season to the end of dry season in the basin. In Fig. 8 , departure from the line that indicates discharge is equal to precipitation is represented as ET. The data for Dez Dam in 2002 Dam in , 2003 Dam in and 2004 show less ET. This discrepancy suggests that there might be underestimation of the precipitation in the basin, which results in underestimation of the model output discharge at Dez.
To examine the uncertainty of the precipitation data, first, the spatial coverage of the raingauges for the APHRODITE dataset was checked. Figure 9 shows the spatial distribution of the APHRODITE daily precipitation and the reliability of data for each 0.25-degree resolution grid on 15 December 2001. This date was selected as an example because the maximum discharge (2385 m 3 s -1 ) during the calibration period was observed on that day at the Dez Dam site (Fig. 6(b) ), although the upstream average precipitation on 15 December and the previous day were only 9.4 and 6.5 mm d -1 , respectively. The reliability in Fig. 9(b) shows the ratio of valid 0.05-degree grids with the data recoded by raingauges in each 0.25-degree grid (Yatagai et al. 2012) . The reliability can be translated to the spatial coverage of raingauges in a 0.25-degree grid base, i.e. the grids of 0% have no raingauges, the grids of 4% have at least one raingauge, which approximates a spatial coverage of 625 km 2 per station, the grids of 8% have at least two raingauges (312.5 km 2 per station), the grids of 12% have at least three raingauges (208.3 km 2 per station) and so on. Next, the spatial coverage of the raingauges in APHRODITE was compared with the recommendation of the World Meteorological Organization (WMO 1994 ) that minimum densities of precipitation stations in a mountainous area should be 250 km 2 per station. This means that the grids of 0%, 4% and 8% in Fig. 9(b) do not satisfy the WMO recommendation. APHRODITE in Iran was developed by using a relatively dense network of observations provided by the Islamic Republic of Iran Meteorological Organization (Yatagai et al. 2008) . However, there are still many areas where precipitation is ungauged (the grids of 0% in Fig. 9(b) ) or poorly gauged (the grids of 4% and 8% in Fig. 9(b) ), particularly in the southern part of the Dez Dam catchment. It is possible that on 15 December 2001 an intense precipitation event occurred in the ungauged mountain ranges of the Dez Dam catchment and was not captured by ground observation. This "mis-captured" precipitation might have caused the serious underestimation of discharge simulated by BTOPMC using the APHRODITE daily precipitation.
The lack of high-quality ground-gauged precipitation data is a major issue not only in the Karun River basin but also in most arid and semi-arid regions (Pilgrim et al. 1988 , Beven 2002 , Wheater 2008 . This is due to the difficulty of establishing dense monitoring networks that can cover large areas where precipitation is highly variable. If the availability of ground observation is limited, radar observation and gridded data observed at global or regional scales might be useful for hydrological analyses. A radar network has been installed in the Karun River basin; however, calibration of the radar data is not complete and still needs revision (Heidari 2013) . The available gridded datasets are generated either from analyses of ground observations alone, such as APHRODITE, or by combination of ground observation and remotely sensed data, such as NCEP/NCAR re-analysis data (Kistler et al. 2001) , ERA-40 (Uppala et al. 2005) and JRA-25 (Onogi et al. 2007) . However, the accuracy of remotely sensed data also depends heavily on the density and quality of available ground observations. To check the accuracy of gridded datasets as well as calibrate the radar data, ground-observed precipitation data are necessary, at least from several stations in the target basin to capture the spatial distribution of precipitation in the basin. Such local efforts for improving ground observation should precede water resource development planning.
Seasonal runoff
The estimation of snow accumulation during the preceding seasons provides the basis of seasonal runoff estimation indispensable for planning multi-seasonal reservoir use. However, modelling snowpack and snowmelt processes without observations of, for example, snowfall and daily diurnal temperature is a difficult challenge in semi-arid mountainous regions. The model underestimation of SWE in the Karun River basin is quite likely caused by a lack of ground-gauged precipitation data in the mountain ranges. As precipitation is the primary input for snowfall calculation in the model, lack of precipitation data necessarily causes underestimation of snowfall in mountainous areas. There are limitations to comparing the 5 km × 5 km grid-averaged SWE with point observations, particularly in mountain areas with a wide range of elevation, and in applying monthly averaged temperature from CRU-TS instead of daily diurnal data in model simulation. Enhanced ground-gauged precipitation data for mountainous areas would surely contribute to improve model performance for seasonal runoff generation. Snowfall data would be very useful in that it can be used to verify the threshold temperature at which precipitation is divided into rainfall and snowfall in the model.
Evapotranspiration is also one of the significant factors affecting seasonal runoff. In the dry season, actual evapotranspiration is limited by the amount of available soil water rather than by PET (Vörösmarty et al. 1998) . The BTOPMC simulates actual evapotranspiration as nearly reaching the same level as PET in the wet season, but decreasing in the dry season ( Fig. 5(e) ), following the soil moisture state in the root zone ( Fig. 5(a) ). Therefore, the simulated actual evapotranspiration was found to be physically reasonable.
Low flows
Base runoff generation is the driving process in BTOPMC for low-flow generation during the dry season with no precipitation. On the basis of the simulation results in the Karun River basin, the baseflow runoff (Fig. 5(c) ), which is a function of the saturation deficit in the unsaturated zone (Fig. 5(d) ), contributes to perennial low flows in the dry season from June to September (Fig. 5(i) ). The saturation deficit decreases in the wet season from December to April and generates baseflow even in the subsequent dry season with no precipitation. The reproducibility of available soil moisture in the catchments at the end of the wet season is critical for runoff generation in the subsequent dry season. However, this is more difficult in wet years when more snowpack and snowmelt occur in mountainous areas than in dry years. Verification of the physical processes for low-flow generation in the model is still not possible without high-quality data for precipitation, which is crucial in modelling snowpack and snowmelt processes and baseflow generation processes.
Flood flows
The model modification in this study improved flood peak generation compared with the non-modified model, as mentioned previously. However, the reproducibility of flood intensity needs improvement. Primarily, high-quality precipitation data that provide information on intense precipitation events with high spatial variability are necessary. Additionally, modelling infiltration capacity as a function of antecedent precipitation and/or soil moisture might further improve the reproducibility of flood flows because antecedent moisture plays an important role in flood estimation by continuous simulation (Castillo et al. 2003 , Pathiraja et al. 2012 .
It should be noted that scale issues in hydrological modelling that involve extrapolation or transfer of information across different temporal and spatial scales remain unsolved (Blöschl and Sivapalan 1995, Beven 2002) . In particular, hydrological models designed for water resource development require extrapolation at larger scales, for instance, spatially from the point scale to the model grid or basin scale and temporally from the hourly to daily scale. This extrapolation raises uncertainty about model applicability and must be considered carefully even where sufficient data are available.
CONCLUSION
A modified distributed hydrological model, BTOPMC, was applied to the Karun River basin in Iran, and the results were analysed in the light of model applicability and the challenges that hydrologists and river basin managers face in the assessment and management of water resource development projects in semi-arid mountainous basins. The following conclusions were made:
-Applicability of BTOPMC was confirmed for its use in water resource development in the semi-arid mountainous Karun River basin. This study applied BTOPMC to the catchments of the Karun1 Dam and Dez Dam sites located in the middle of the Karun basin. The results for the Karun1 Dam site clearly indicate the potential of the BTOPMC application in semi-arid mountainous regions, provided that the necessary modification is made. The modification introduced was the adjustment coefficient for infiltration capacity of the soil surface in semiarid regions, which was found useful to improve the model performance of reproducing flood peaks generated by infiltration excess overland runoff at a daily time scale. Seasonal discharge with snowpack and snowmelt processes in the wet winter and spring and recession of low flows in the dry summer were also simulated well. In addition, the simulated actual evapotranspiration was found physically reasonable. The reproducibility of seasonal runoff patterns is indispensable for analysing multi-seasonal reservoir use. The model component that can simulate antecedent moisture state and reproduce the soil moisture state at the end of the wet season is important for low-flow generation in continuous interannual simulation. BTOPMC fulfils such requirements. -The greatest challenge that hydrologists and river basin managers face in hydrological modelling in semi-arid mountain basins is to systematically observe and accumulate ground-based hydrological observation data. This study clearly indicated that effective model use was significantly affected by the scarcity of ground-gauged precipitation data. In the case of the Dez Dam site, the simulated discharges were considerably underestimated with the datasets used in this study. Data scarcity is a major issue commonly seen in many basins awaiting water resource development in both developed and developing countries. It is especially true in semi-arid mountain regions, where the spatial and temporal variation of precipitation tends to be greater than that in humid regions, and is amplified by orographic effects. -Priority should be given to data acquisition and further hydrological model improvement to enhance water resource development in semiarid mountainous regions. There is no doubt that BTOPMC needs further improvement to reflect rapid surface runoff processes necessary to model sharp rises of flood peaks, snowpack and snowmelt processes and low-flow generation. For such model improvement and verification, again, highquality observed data are indispensable. Therefore, to avoid inefficient infrastructure investment, especially in semi-arid mountainous regions, rigorous efforts to improve ground-based observation of precipitation should be made prior to water resource development planning. Because data scarcity seriously limits effective use of hydrological simulation models required for the design of water resource development, over-reliance on hydrological models should be carefully avoided in poorly gauged basins, even with the best available hydrological models. Uncertainties associated with data used for model simulations should be assessed as far as possible, for example by applying a simple water balance equation to test the reliability of the precipitation data in use, just as this study demonstrated.
